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DOI: 10.1039/c2jm32551aA unique fabrication method, oblique angle codeposition, is used to deposit well-aligned nanorod
arrays and thick films of homogenously mixed CdSe–TiO2 composites. The composite films are
characterized structurally, optically, and photoelectrochemically using a variety of experimental
techniques. The CdSe–TiO2 composites are compared with pure CdSe and TiO2 films in order to
determine their utility for photoelectrochemical (PEC) applications and to understand the mechanisms
underlying the observed behaviors. The evaporation process of CdSe creates three different cluster
types within the TiO2 film structures: isolated Se, Se-deficient CdSe, and Se-rich CdSe. The prevalence
of each cluster type is dependent on predicted film composition, and each is affected differently by
open-air annealing. Isolated Se can be incorporated into the TiO2 lattice, resulting in low energy rutile
phase. Se-deficient CdSe clusters crystallize preferentially into cubic CdSe and are easily oxidized into
CdO, while Se-rich CdSe clusters crystallize into hexagonal CdSe and are more stable. Furthermore,
each of these cluster types interacts differently with the surrounding TiO2 matrix, resulting in diverse
optical and PEC behaviors. Importantly, the composite nanorod structure is a more efficient
photoanode under visible light illumination than both the pure CdSe and TiO2 nanorod array films.
The stoichiometry of the CdSe domains is more important than overall CdSe content within the film in
determining the structural, optical, and PEC properties of the films.1. Introduction
The development of a clean, viable, sustainable, and widely
available energy resource is, perhaps, the greatest challenge of
the twenty first century. The sun is a particularly attractive
source of energy since it fits these criteria quite well and is the
progenitor, in some manner, of all other energy resources on the
planet. Therefore, there has been a tremendous amount of
research recently which focuses on improving solar energy
conversion efficiency. Solar energy is often converted into elec-
trical energy using solar cells, but it also can be converted into
chemical energy in the form of hydrogen. This can be done using
a semiconductor as a photoanode in a photoelectrochemical
(PEC) cell.1,2 In a PEC device, photogenerated electrons in theaDepartment of Physics and Astronomy, and Nanoscale Science and
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This journal is ª The Royal Society of Chemistry 2012semiconductor photoanode are transferred through an external
circuit to the cathode, which generate hydrogen from protons.
The holes left behind oxidize water to generate oxygen and
protons. One advantage of converting solar energy into
hydrogen fuel is that locations of energy production and energy
consumption can by spatially and temporally separated. Nano-
structured titanium dioxide (TiO2) has been the focus of water
splitting research because TiO2 is abundant, inexpensive, non-
toxic, and has a band gap that spans both the hydrogen and
oxygen evolution potentials in water. Nanostructuring TiO2, in
addition to other advantages, creates a large surface-to-volume
ratio which leads to enhanced efficiency.3–5 However, the prac-
tical efficiency of nanostructured TiO2 for direct solar energy
conversion is limited because of its weak absorption in the visible
region of the spectrum due to its large band gap. Therefore, much
research has been devoted to extending the photoresponse of
TiO2 into the visible region to encompass more of the solar
spectrum. Doping foreign elements into TiO2 to create donor or
acceptor levels within the band gap is a common method of
extending the photoresponse into the visible region.6–8 A more
intriguing method couples smaller band gap materials with
TiO2.
9–11 Upon visible light photoexcitation, the smaller band
gap material can transfer charge carriers to TiO2 if it is ener-
getically favorable. Thus, if the valence band edge of the sensi-


























































View Article Onlinea hole can transfer from the smaller band gap material into the
valence band of TiO2. Similarly, if the conduction band edge of
the sensitizing material is higher than the conduction band edge
of TiO2, electrons can transfer from the smaller band gap
material into the conduction band of TiO2. Coupling TiO2 with
an appropriate smaller band gap material offers a promising
route to increasing PEC efficiency because it not only extends the
photoresponse into the visible region, but it also enhances charge
separation, which increases the chances of the free charge being
utilized in reduction or oxidation reactions. Cadmium selenide
(CdSe) has been shown to be an interesting sensitizer for TiO2
because of its ability to transfer photoexcited electrons into the
TiO2 conduction band and the known tunable quantum size
effects of CdSe quantum dots.12–15 Most studies in the literature
have utilized wet chemistry to fabricate nanostructured CdSe–
TiO2 coupled films.
16–20 Typically, these studies report on CdSe–
TiO2 architectures where CdSe quantum dots are molecularly
linked to the surface of TiO2. While most of these studies have
been successful in creating relatively efficient solar energy
conversion devices, there are some drawbacks to wet chemical
synthesis: the structural design of such devices is limited;
molecular linkers complicate charge transfer across inter-
faces;21–23 and different materials are synthesized using different
methods, making analysis across different architectures and
material compositions difficult.
Very recently, we have demonstrated that, by using an oblique
angle codeposition technique, well-aligned nanocomposite or
doped nanorod arrays can be fabricated.24–28 Oblique angle
codeposition is a physical vapor deposition (PVD) method which
combines codeposition and the oblique angle deposition (OAD)
technique. OAD is a well known PVD technique where the vapor
incident direction and the substrate normal form a large angle,
and arrays of well-aligned tilted nanorods develop spontaneously
due to the shadowing effect of previously deposited material.29,30
Codeposition refers to the simultaneous evaporation of two or
more materials to form composite materials, where the compo-
sition of the resulting nanostructures can be controlled by
varying the relative ratio of deposition rates of the source
materials. Thus, oblique angle deposition combined with code-
position is a flexible fabrication method that can synthesize
precisely designed nanostructures of densely coupled composites
of varying material composition.
In this study, we use the codeposition method to fabricate both
OAD nanorod arrays and thick films of homogenously mixed
CdSe–TiO2 composites with various material compositions,
which are compared with both pure CdSe and pure TiO2 films
fabricated using a single source deposition. The homogenous
mixture of both materials within the CdSe–TiO2 nanorod and
thick film structures without molecular linkers creates an envi-
ronment which is favorable for efficient charge transfer. Indeed,
our companion paper,31 which reports on the ultrafast charge
dynamics of the OAD CdSe–TiO2 composite films, reveals that
these structures have among the highest electron injection rates
from CdSe into TiO2. The very fast injection rate is attributed to
the large interfacial area and strong electronic coupling between
the two materials. Given these results, it is expected that the
OAD CdSe–TiO2 composites should be promising materials for
solar energy conversion. In this paper, the structural, optical, and
PEC properties of CdSe–TiO2 films fabricated by oblique angle14206 | J. Mater. Chem., 2012, 22, 14205–14218codeposition are investigated in detail and compared with pure
CdSe and pure TiO2 films in order to assess the utility of CdSe–
TiO2 composites for PEC applications and to understand the
mechanisms governing the observed behaviors. We find that the
composite nanorod structure can be a more efficient visible light
photoanode than both the pure CdSe and TiO2 films. Further-
more, the stoichiometry of the CdSe domains is found to be more
important than overall CdSe content within the film in deter-
mining the structural, optical, and PEC properties of the films.2. Experimental methods
Both CdSe–TiO2 composite nanorod arrays (OAD) and thick
films were deposited using electron beam codeposition. The
CdSe–TiO2 composite films and the pure CdSe and TiO2 films
were fabricated by a unique, custom designed vacuum deposition
system equipped with two electron-beam evaporation sources
(Pascal Technology).32 The source materials used were TiO2
(99.9%, Kurt J. Lesker) and CdSe (99.995%, Alfa Aesar). No
other gases were introduced into the chamber during depositions.
Prior to the deposition, the vacuum chamber was evacuated to
a pressure of 1  106 Torr, and the background pressure during
the deposition was maintained at less than 5  106 Torr. Pre-
cleaned glass microscope slides, Si wafers, and indium tin oxide
(ITO) coated glass slides were used as substrates, and were
chosen for different characterizations. The substrate normal was
positioned at 0 from the vapor incident direction for the thick
film depositions and at 86 for the OAD depositions. The CdSe/
TiO2 ratio was controlled by the relative growth rates of CdSe
and TiO2, which were monitored independently by two separate
quartz crystal microbalances (QCMs), where each QCM only
faces the corresponding vapor flux direction. The relative growth
rates and corresponding predicted compositions are listed in
Table 1. To simplify the notation, we denote the composite
samples as CmTn, where C represents CdSe, T represents TiO2,
andm and n represent the molecular percentages (mol%) of CdSe
and TiO2, respectively. For the OAD films, the materials were
deposited onto the substrates until the combined QCM readings
totaled 1.5 mm. For the thick films, excluding the C33T67 film, the
materials were deposited onto the substrates until the combined
QCM readings totaled 1 mm. For the C33T67 film, material was
deposited until the combined QCM reading totaled 1.5 mm. After
the depositions, half of the films were randomly chosen to be
annealed in open air in a quartz tube furnace (Lindberg/Blue M
Company) for 5 hours at annealing temperature T ¼ 400 C.
The nanorod arrays and thick films were characterized by
different sets of experimental techniques since a specific film
structure makes certain techniques more relevant and appro-
priate. The structure and morphology of the OAD films were
characterized by a field-emission scanning electron microscope
(SEM) equipped with energy dispersive X-ray spectroscopy
(EDX) (FEI Inspect F). The EDX spectra of the thick films were
measured using the EDX equipped SEM at 20 kV accelerating
voltage. X-ray diffraction (XRD) data were collected for both
the OAD and thick films on a PANalytical X’Pert PRO using
a Cu-Ka radiation source (l ¼ 1.5418 A). Raman spectra of the
OAD films were acquired using a Bruker SENTERRA confocal
Raman microscope system through a 50 objective with a laser
excitation wavelength of 532 nm, power of 10 mW, andThis journal is ª The Royal Society of Chemistry 2012















T ¼ 400 C
(mol%)
TiO2 4 — — — —
C13T87 4 1.05 13 8.1  0.9 7.7  0.5
C23T77 4 2.09 23 19.6  0.7 21  2
C33T67 4 3.49 33 33  2 34  2
C40T60 4 4.8 40 44  7 40  3
C46T54 3 4.44 46 43  2 42  2
CdSe — 4 — — —



























































View Article Onlinea collection time of 60 seconds. The optical absorbance spectra of
the OAD films were measured by a double beam UV-Vis-NIR
spectrophotometer (JASCO V-570).
Photoelectrochemical measurements of the OAD films were
performed as follows. A 1000 W Xe lamp (Oriel Research Arc
Lamp assembly #69924 and power supply #69920) was utilized as
a white light source, an infrared (IR) water lamp filter was then
attached (Oriel # 6127), and the white light beam was coupled to
a monochromator (Oriel Cornerstone 130 1/8m) for spectral
resolution from 300 to 800 nm. Irradiance measurements were
performedwith aKettering (#68) andCoherentFieldMate power
meter with overall white light intensity of 100 mW cm2. PEC
photoanodes were created by first securing a copper wire to a bare
portionof the ITOsubstratewith highpurity silver paint. The cells
were then sealed on all edges and upon the active area (OAD or
OACD nanorod arrays) with epoxy resin except for a working
electrode surface area of around 0.5 cm2 (the exact area of each
electrode was measured individually). The electrolyte solution
used in all experiments was 0.25 M Na2S and 0.35 M Na2SO3 at
a pH of 9.5. Reference and counter electrodes during the PEC
measurements were a Ag/AgCl electrode (CHI Instruments/1 M
KCl) and a coiled Pt electrode, respectively. The photoanode
cyclic voltammograms were measured by sweeping from
a potential of 1 to 0.2 V vs. the reference. Photocurrent was
measured at 10 nm intervals from 280 nm to 750 nm at a potential
of0.35 V vs. the reference and the current under white light and
in the dark were also measured at the same potential.3. Results and discussion
3.1 Structural properties of CdSe–TiO2 films
3.1.1 Composition. The actual material compositions of the
composite and pure films were confirmed by EDXmeasurements
of the thick films. EDX analysis of the OAD films was not
considered due to their large porosity and small material volume,
which makes accurate measurement difficult. As shown in Fig. 1,
all films containing CdSe show an excess of Se in the spectra. The
ratio of Se to Cd is not constant. Films with the smallest CdSe
content have the greatest imbalance, with the Se/Cd ratio reaching
as high as 2.1 in the C28T72 film and decreasing to 1.2 in the pure
CdSe film. After annealing, the measured Se/Cd ratios remain
mostly unchanged. There is some indication that for composite
films with higher CdSe content that there could be some Se loss
throughvaporizationduring the annealing process, but this loss, if
it occurs, is minimal and falls within the experimental error.
Similar to the as-deposited CdSe, the as-deposited TiO2 isThis journal is ª The Royal Society of Chemistry 2012generally non-stoichiometric, and the stoichiometry of the TiO2
improves as it increases in relative percentage of the material. The
largest measured O/Ti ratio occurs for the pure TiO2 film at 1.7,
and the lowest occurs for the C33T67 film at 1.1. After annealing at
T¼ 400 C, the O/Ti ratio either decreases slightly or remains the
same in the composite films. In the pure TiO2 film, the O/Ti ratio
exceeds the ideal stoichiometry value of 2 after annealing.
The actual CdSe molecular percentage (mol%) of each
composite film is calculated by (Cd + Se)/(Cd + Se + Ti + O),
using EDX measured atomic percentages, as shown in Table 1.
Despite the non-stoichiometry of the deposited materials, the
CdSe molecular percentages of the films are mostly similar to the
predicted values. The C13T87 film exhibits the greatest deviation
from the expected value, with 8.1 mol%measured versus 13 mol%
expected. The change in the CdSe mol% after annealing at T ¼
400 C is slight and correlated with the change in the Se/Cd ratio
described above. Note that in this report all films will continue to
be referred to by the predicted material composition unless it is
noted otherwise.
This composition dependence of the stoichiometry of CdSe in
the films can be explained by the sublimation behavior of CdSe.
Sigai andWiedemeier have shown that the sublimation of CdSe is
a two phase process.33 The initial phase occurs at 450 C and is
characterized by the vaporization of Se only. After the Se/Cd ratio
reaches 0.995–0.987, the selenium vaporization ceases. Increasing
the temperature to 600 C results in the next phase of CdSe
sublimation,which is characterizedby the congruent vaporization
of both Cd and Se from the remaining Se-deficient CdSe solid.




CdSe1xðsÞ/CdðgÞ þ 1 x
2
Se2ðgÞ (2)
They also note that both reactions (1) and (2) will occur
simultaneously when CdSe is heated rapidly to 600 C and above.J. Mater. Chem., 2012, 22, 14205–14218 | 14207










TiO2 1.42  0.03 55  1 11.0  0.5 4
C13T87 1.09  0.03 54  1 16.9  0.5 5.05
C23T77 0.92  0.04 53  1 9.7  0.3 6.09
C33T67 0.85  0.04 59  1 10.8  0.2 7.49
C40T60 0.93  0.05 66  2 10.7  0.4 8.8
C46T54 1.07  0.03 66  1 18  3 7.44
CdSea 1.11  0.04 55  4 8  1 4


























































View Article OnlineElectron beam evaporation of randomly sized pieces of CdSe
in a crucible will produce similar results as rapid thermal heating
since heat transfer between neighboring pieces of CdSe is ineffi-
cient and the heating rate is particle size dependent.
Therefore, it is expected that CdSe vaporization occurs
through both reactions (1) and (2) during the electron beam
deposition of the films. As shown in Table 1, when the CdSe–
TiO2 composites were deposited, the deposition rate of TiO2 was
kept relatively constant, while the rate of CdSe was increased
gradually with increasing CdSe composition. For films with the
smallest CdSe composition, the lower power of the electron beam
and the smaller total thickness of CdSe deposited favors a rela-
tively large amount of Se vaporization occurring through reac-
tion (1). Increasing the beam power and total thickness of CdSe
deposited increases the amount of CdSe vaporization occurring
through reaction (2) relative to the Se vaporization occurring
through reaction (1). Thus, the stoichiometry of the CdSe
improves with increasing CdSe composition.
The oxygen-deficient stoichiometry of the as-deposited TiO2 is
not surprising and is consistent with previous studies of electron
beam evaporated TiO2.
27,34 However, the observation that the
measured O/Ti ratio of the composite films remains mostly
unchanged with annealing is contrary to what is expected, as
annealing at a high temperature in open air should passivate
oxygen vacancies and increase the overall oxygen content in the
films. This effect is clearly seen in the measured O/Ti values of the
pure TiO2 samples before and after annealing (Fig. 1).
3.1.2 OAD film morphology. Fig. 2 shows the representative
SEM images of the pure and composite as-deposited and
annealed films. As indicated by SEM, the large-scale morphology
of the OAD films varies slightly with material composition. The
pure films show more isolated nanorods, while in the composite
films the nanorods are more densely packed especially in the
direction that is perpendicular to the incident vapor flux. This
bunching effect is more pronounced for the films with greater
CdSe composition. Additionally, the SEM images of the as-
deposited OAD films show that the morphological parameters of
the individual nanorods vary for different material compositions.
Table 2 summarizes the average nanorod length, tilting angle,
and surface area. The average nanorod length in the pure TiO2Fig. 2 SEM images of the pure TiO2, C
33T67, and pure CdSe films, before
and after annealing at T¼ 400 C for 5 hours. The scale bar in each image
represents 500 nm (see ESI Fig. S1† for top view SEM images of all of the
films).
14208 | J. Mater. Chem., 2012, 22, 14205–14218film is 1.42 mm, and in the pure CdSe film it is 1.11 mm. In the
composite OAD films, the nanorod length initially decreases with
increasing CdSe composition, with the heights reaching as low as
0.85 mm for the C33T67 film, then increases monotonically for
CdSe compositions greater than 33%. The tilting angle for most
films are close to 55, but increase to 59, 66, and 66 for the
C33T67, C40T60, and C46T54 films, respectively. The nanostructured
surface area to substrate ratio is calculated from the average
surface area of the individual nanorods multiplied by the average
nanorod density. The pure CdSe film shows the smallest surface
area ratio at 8, and the longest, more densely packed composites,
C13T87 and C46T54, have the highest ratios at 16.9 and 18,
respectively. Most of the nanorod films show no obvious
morphological changes after annealing. However, the
morphology of the nanorods in the pure CdSe film changes
dramatically after annealing, as the surface of annealed nanorods
has a melted appearance (Fig. 2).
The variation in nanorod length with CdSe composition is due
to composition dependent material losses from scattering
processes occurring during the codeposition. The variation of the
tilting angle is interesting, as both the pure TiO2 and the pure
CdSe films have the same tilting angle. This indicates that the
change in angle is the result of deposition parameters rather than
the result of competing material properties as seen in other
codeposited films.35 Theoretical models of columnar growth
show a decreasing tilting angle as the deposition rate increases.36
This is contrary to what is seen in the CdSe–TiO2 composite films
where the nanorods show a tilting angle of 55 for some films,
but increase to larger angles for the films which had the highest
deposition rates. Thus, it is clear that the change in tilting angle is
related to the higher rates, but mechanism behind this relation-
ship is unclear.
Interestingly, the pure CdSe nanorods appear to have melted
after annealing at T ¼ 400 C. While the melting point of
nanosized CdSe has been shown to reach as low as 550 C for
isolated 7 nm quantum dots,37 this temperature is still greater
than the annealing temperature of 400 C, and the CdSe in the
polycrystalline nanorods are expected to have a melting point
closer to the bulk value of 1240 C given the larger structure and
grain size. Thus, the melting of CdSe is not the likely explanation
for the melted appearance of the annealed pure CdSe film. These
effects can be explained by the excess Se in the non-stoichio-
metric evaporated CdSe (Fig. 1). In the pure CdSe film the excess
Se exists as elemental selenium, which has a melting point of
221 C, and annealing at T ¼ 400 C causes this pure selenium to


























































View Article Onlinethe pure CdSe nanorod film its melted appearance. In the
composite films, the measured value of Se/Cd is greater than in
the pure CdSe film, but the total amount of excess Se is much
lower since the Se and CdSe are guests within the TiO2 host
material. Therefore, the melting effect, if it occurs, will be less
pronounced and may not be perceptible. Additionally, the as-
deposited TiO2 is oxygen-deficient, and the excess Se can incor-
porate itself into the TiO2 lattice via oxygen vacancies. This
process is energetically favorable, as it has been shown using
density functional theory, that for Se atoms in an oxygen-defi-
cient TiO2 lattice, it is energetically more favorable for the Se to
reside at substitutional sites than at interstitial sites.38 The excess
Se in the composite films that becomes incorporated into the
TiO2 is not expected to melt. Thus, the morphology of the
composite nanorods does not change after annealing.
3.1.3 XRD characterization. XRD spectra of the CdSe–TiO2
films were taken in order to confirm the crystalline properties of
the films (Fig. 3). For the as-deposited thick films, the XRD
spectra showed no evidence of any crystal phase of TiO2.Fig. 3 XRD spectra of the (a) thick film and (b) OAD CdSe–TiO2
composites annealed at T ¼ 400 C. The insets show the as-deposited
spectra. Note that the spectra have been shifted vertically and the spec-
trum of the annealed pure TiO2 thick film has been left out to improve
clarity (see Fig. S2a†).
This journal is ª The Royal Society of Chemistry 2012However, the extremely broad peaks in the as-deposited
composite thick films with CdSe composition greater than 23%
are consistent with XRD patterns of both amorphous Se and
amorphous CdSe.39–41 The spectrum of the as-deposited pure
CdSe thick film has peaks at 2q ¼ 25, 41, 45, 49, 52, 63, 71
which correspond respectively with the (002), (110), (103), (004),
(112), (203), (105) crystal planes of hexagonal CdSe. No isolated
peaks corresponding with the cubic phase of CdSe, Se, or SexOy
are seen in the thick film spectrum. The intensity of the strong
peak at 2q ¼ 25 in the thick film is due to the preferential
crystallite orientation such that the c-axis is orthogonal to the
plane of the substrate. Preferential crystal alignment in electron
beam deposited CdSe thick films has been observed before.42
After annealing at T ¼ 400 C for 5 hours, the pure TiO2 thick
film shows the characteristic diffraction pattern of poly-
crystalline anatase TiO2 (Fig. S2a†). The XRD spectrum of the
pure CdSe thick film remains mostly unchanged after annealing,
except for the two small peaks that appear at 2q¼ 30.5 and 2q¼
69 in the diffraction pattern (Fig. 3a), which are related to the
thermal oxide of CdSe. The XRD spectra of the composite thick
films annealed at T ¼ 400 C do show sharp peaks, and this
pattern varies for different CdSe compositions. The variation ofFig. 4 XRD spectra of the CdSe–TiO2 composite thick films annealed at
T ¼ 400 C with peak attributions from (a) 2q ¼ 23–30 and (b) 2q ¼ 31–
52. Note that the spectra have been normalized and shifted vertically to
improve clarity.
J. Mater. Chem., 2012, 22, 14205–14218 | 14209
Fig. 5 Illustration of the proposed effect of the thermal annealing
treatment at T ¼ 400 C on the as-deposited Se, CdSe1x, and overlap


























































View Article Onlinediffraction pattern with CdSe composition is not straightforward
and is the result of contributions from four different crystal
phases: cubic CdSe (c-CdSe), hexagonal (h-CdSe), CdO, and the
rutile phase of TiO2 (Fig. 4a and b).
For the as-deposited OAD films, only the diffraction pattern
of the pure CdSe film exhibited sharp peaks (Fig. 3b inset).
Similar to the composite thick films, there are two extremely
broad peaks in the spectra of the OAD films with CdSe
compositions greater than 33%, which could be attributed to
amorphous Se or amorphous CdSe. The pure CdSe OAD sample
showed peaks at 2q ¼ 23, 25, 27, 35, 41, 45, 49, 50, 55,
63, 66, 67, 71, 76 corresponding respectively with the (100),
(002), (101), (102), (110), (103), (112), (201), (202), (203), (210),
(211), (105), (300) crystal planes of hexagonal CdSe. No isolated
peaks corresponding with the cubic phase of CdSe, Se, or SexOy
are seen for the pure CdSe OAD film. In standard powder
diffraction data of hexagonal CdSe, the (100), (002), and (101)
reflections have approximately the same relative intensity. In the
spectrum of the pure CdSe OAD film the (101) reflection is
significantly more intense than the (002) and (100) reflections,
which indicates that the polycrystalline nanorods exhibit pref-
erential crystal growth with the c-axis aligned with the long axis
of the nanorod.
After annealing at T ¼ 400 C for 5 hours, both the pure TiO2
and CdSe OAD films exhibit sharp, well-defined peaks (Fig. 3b).
The pure TiO2 film exhibits an anatase polycrystalline diffraction
pattern after the annealing treatment, which is consistent with
our previous results.27 The XRD spectrum of the pure CdSe film
remains mostly unchanged after annealing except for the four
small peaks at 30.5, 33, 35, and 60 that appear in the
diffraction pattern, which are attributed to the thermal oxide of
CdSe. For all of the composite films, the two broad peaks seen in
the as-deposited spectra are not seen in the annealed spectra. The
annealed C46T54 film has very faint peaks at 2q ¼ 24, 25, 27,
42, and 49 corresponding respectively with the reflections of the
(100), (002), (101), (110), and (112) crystal planes of hexagonal
CdSe. The spectra of the other composite films are essentially
flat, and the only discernible peaks correspond with the Si
substrate.
TheXRD results of the pureOADfilms and pure thick films are
similar. Both of the pure TiO2 films are amorphous as-deposited
and crystallize into anatase after annealing. Both of the as-
deposited pure CdSe films show preferentially oriented hexagonal
crystallites, and, although the orientations of the crystallites in the
OAD and thick films are different relative to the substrate, the
orientations are similar in that the c-axis is preferentially aligned
with the direction of material growth. After annealing, both pure
CdSe films show evidence of thermal oxide formation. In previous
reports, peaks attributed here to thermal oxide, have been
attributed to CdO andCdTiO3 in CdSe–TiO2 composites
43 and to
SeO3 in chemically deposited CdSe.
44 However, in our films these
peaks are related to the thermal oxide on CdSe. Using angle-
resolved X-ray photoelectron spectroscopy, Masson et al. have
determined that for polycrystalline CdSe annealed in dry air at
350 C, the CdSe thermal oxide consists of a surface layer of SeOx
residing above deeper layers of CdO.45While the diffraction peaks
in the measured spectra do not coincide perfectly with previously
measured CdO or SeOx patterns, the measured peaks at 30.5
 and
35 are close to the (211) and (002) crystal plane reflections of14210 | J. Mater. Chem., 2012, 22, 14205–14218SeO2, which respectively appear at 29.7
 and 35.4 and are the
most intense peaks in the powder diffraction pattern of SeO2.
Thus, the oxidation peaks in the XRD spectra of the pure CdSe
OAD and thick films are most likely related to the surface SeOx
species. The relative heights of the SeOx diffraction peaks
compared with the hexagonal CdSe diffraction peaks in the OAD
and thick films indicate that the oxidation of CdSe is more
significant in the OAD films, which is consistent with the higher
surface area to volume ratio of these films.
For the composite films, it is expected that the phases present in
the as-deposited OAD and thick films of the same composition
should be very similar, and this is confirmed by the similarity of
the XRD patterns for both sets of as-deposited films. After
annealing, the XRD spectra of the different film structures are no
longer similar; the thick films have well-defined diffraction
patterns which vary with composition, while most of the OAD
composite films show no discernible pattern. It is possible that the
phase transition processes induced by the annealing treatment in
the OAD films may be different than the processes induced in the
thick films because the OAD films are highly porous and surface
effects such as segregation, oxygen diffusion, and Se vaporization
may play a more important role in these films. It is also possible
that the phase transition processes are similar for both film
structures, but the smaller material volumes of the OAD films
hinder the XRD measurement of the thermally induced phases.
This possibility is supported by the fact that the both the C46T54
OAD and thin film exhibit a similar hexagonal CdSe diffraction
pattern, although the OAD pattern is much more faint.
In the composite thick films, the observed material composi-
tion dependence of the diffraction patterns can be understood
through the evaporation process described by reactions (1) and
(2). In the as-deposited films, reaction (1) creates isolated Se
regions within the TiO2 matrix, and reaction (2) results in regions
in the TiO2 with Se-deficient CdSe clusters (CdSe1x), as illus-
trated in Fig. 5. Additionally, these regions can overlap, creating
regions within the TiO2 matrix with Se-rich CdSe clusters. Each
of these regions results in different phases after the thermal
annealing treatment, and the prevalence of each type of regionThis journal is ª The Royal Society of Chemistry 2012
Fig. 6 Raman spectra with peak attributions of the as-deposited and
annealed OAD films. Note that the spectrum of the annealed TiO2 OAD


























































View Article Onlineand the corresponding overlap depend on the rate of CdSe
evaporation and the total amount deposited, which leads to the
CdSe composition dependence of the diffraction pattern. For the
thick films with lower CdSe compositions, isolated Se regions will
be more prevalent than the CdSe1x clusters, as the composition
of CdSe increases, the CdSe1x cluster content increases relative
to the isolated Se regions. However, as the total amount of CdSe
evaporated increases, the likelihood that both CdSe1x and Se
regions overlap each other also increases. For the isolated
Se regions, the Se can exist as elemental Se or be incorporated as
an anion into the oxygen-deficient TiO2 lattice (TiO2x) as
described above, and this Se-doped region of TiO2 crystallizes
into the rutile phase (TiO2-Se) when annealed at T ¼ 400 C.
Typically, rutile crystallization occurs at a much higher temper-
ature than 400 C, so it is expected that the Se dopants reduce the
thermal energy necessary for rutile transition to occur. A possible
mechanism for this is the larger ionic radius of Se relative to O
distorts the TiO2 lattice and can force Ti into the interstitial
regions. It has been proposed that the movement of Ti into
interstitial spaces is a process that favors rutile formation.46
Thus, there is an increasing presence of rutile in the XRD
diffraction patterns with increasing excess Se and decreasing
CdSe composition. This is in contrast to the pure TiO2 thick film,
which exhibits only an anatase pattern after annealing at T ¼
400 C. It has been demonstrated that the stoichiometry deter-
mines the phase manifestation of CdSe clusters, with Se-deficient
CdSe preferring to crystallize in the cubic phase (c-CdSe) and
Cd-deficient CdSe preferring the hexagonal phase (h-CdSe).47
Therefore, it is proposed for the composite thick films that the
Se-deficient CdSe clusters in the TiO2 matrix crystallize into c-
CdSe, while the CdSe clusters in the Se-rich overlap regions
crystallize into h-CdSe. Although the Se/Cd ratio increases for
decreasing CdSe composition, the Se-rich overlap regions are less
likely to occur as the composition of CdSe decreases, so there is
a decreasing presence of h-CdSe relative to c-CdSe with
decreasing CdSe composition. The CdO diffraction peaks are the
result of a thermal oxide shell surrounding the c-CdSe clusters.
This process would similar to the thermal oxide formation
described by Masson et al.,45 except that the SeOx outer layer
would not form since the c-CdSe cluster is Se-deficient and,
additionally, cationic Se is unstable in an O-deficient TiO2
lattice.38 Furthermore, the oxidation of c-CdSe regions into CdO
is expected to only occur in regions close enough to the surface
that can be reached by inward diffusing oxygen since it is unlikely
that the CdO can be formed from O scavenged from an O-defi-
cient TiO2 lattice. It is important to note that the above processes
appear to be strongly stoichiometry-dependent. Although the
CdSe compositions are very similar, the XRD diffraction pattern
of the C46T54 thick film is very different than the pattern of the
C40T60 thick film. The primary compositional difference between
the two films is that the C40T60 film is much more non-stoichio-
metric with respect to the CdSe.
3.1.4 Raman characterization of OAD films. Raman spec-
troscopy measurements were taken of the OAD films in order to
further characterize the structural properties of these films
(Fig. 6). For the pure TiO2 OAD film, the as-deposited film
showed no distinct Raman shifts, and the annealed film showed
an anatase pattern, which is consistent with previous results.27This journal is ª The Royal Society of Chemistry 2012The Raman measurements show that all of the films intentionally
doped with CdSe exhibit the characteristic Raman shift of the
CdSe longitudinal optical phonon (CdSeLO) at Dn z 207 cm
1.
The CdSeLO mode in the as-deposited OAD films is broader
and slightly red-shifted in the composite films compared to the
pure CdSe film. After annealing, the Raman peak attributed to
the CdSeLO mode sharpens for films C
33T67, C40T60, and C46T54,
while for films C13T87 and C23T77 this peak disappears. The
intensity of the CdSeLO peak in the pure CdSe film annealed at
T¼ 400 C decreases slightly. Another peak, atDnz 152 cm1, is
seen in all of the as-deposited composite films but not in the pure
CdSe film. This peak also disappears after annealing.
It is difficult to assign the peak at Dn z 152 cm1. While
trigonal (t-Se), monoclinic (a-Se), and amorphous (a-Se) sele-
nium are known to have Raman bands in the region from Dn ¼
140–150 cm1, typically the most intense Se-related Raman
bands occur in the region Dn ¼ 230–270 cm1,48 and no distinct
Raman peaks are observed in this region in our samples. CdSe,
SeOx, TiSex, and CdO do not have Raman bands near Dnz 150
cm1. Although the anatase and rutile phases of TiO2 have
Raman bands near Dn z 150 cm1, the observed peak is not
related to a crystalline phase of TiO2 because the as-deposited
TiO2 has been shown to be amorphous. Furthermore, the peak at
Dnz 152 cm1 disappears after annealing at T ¼ 400 C (Fig. 6),
and a mode associated with crystalline TiO2 would be expected to
sharpen after the annealing treatment. A peak associated with
the excess Se would be apparent in the as-deposited films and
disappear in the annealed films as described above. Thus, the
peak at Dnz 152 cm1 is cautiously assigned to Se. In particular,
this peak should be associated with how the Se is incorporated
and interacts with the surrounding TiO2 lattice because it is not
apparent in the pure CdSe spectrum. According to Ren et al. it is
possible that the A1 and E1 modes of helical Se chains found at
Dn ¼ 257 cm1 and Dn ¼ 233 cm1, respectively, can red-shift to
Dn z 150 cm1 and Dn z 200 cm1, respectively, when under
hydrostatic pressure.49 Helical chains of Se exhibit negative
compressibility under hydrostatic pressure, which means that as
the pressure increases the chain lengthens while the radiusJ. Mater. Chem., 2012, 22, 14205–14218 | 14211



























































View Article Onlinedecreases. It is possible that Se clusters embedded in the TiO2
matrix undergo a similar process in which the c-axis elongates
while the radial coordinates decrease, leading to the observed
Raman spectral pattern of two peaks near Dnz 150 cm1 and Dn
z 200 cm1 in the composite films.
The state of the CdSe within the composite structures changes
after annealing at T ¼ 400 C, and this change depends on the
composition of the film. The CdSeLO peak sharpening in the
C33T67, C40T60, and C46T54 films with annealing indicates an
improvement in CdSe crystallinity in these films, which is
consistent with the XRD results of the C46T54 film. The loss of the
CdSeLO peak in the C
13T87 and C23T77 films could result from
alloying of the materials or CdSe domain size shrinkage so that
they are beyond the detection limit. The latter is more probable
given the lack of evidence of alloying in all of the other films. A
decrease in the CdSe crystallite size could be the result of thermal
oxidation.50 The loss of CdSe through oxidation into CdO would
be facilitated by the extremely short oxygen diffusion lengths in
the highly porous OAD nanorod structure and the smaller
expected crystallite sizes in the C13T87 and C23T77 films. It is also
possible that the primary contribution to the Raman band at
Dnz 207 cm1 in the C13T87 and C23T77 films is from a red-shifted
mode of Se (see discussion above), instead of the CdSeLO mode,
49
and that the loss of the mode in these films is related to the loss of
Se instead of the loss of CdSe.
The Raman analysis shows that the way CdSe and Se is
incorporated into the TiO2 lattice changes with annealing, and
that this change is dependent on the material composition and,
therefore, on the material stoichiometry. The loss of the Raman
bands associated with CdSe and Se in the annealed C13T87 and
C23T77 OAD films demonstrates that isolated Se and CdSe1x
regions, as described in Fig. 5, are less stable within TiO2 since
these regions are initially more prevalent in these films. The
CdSeLO Raman peak sharpening in the annealed C
33T67, C40T60,
and C46T54 films demonstrates that when CdSe1x regions over-
lap with Se regions, which is more likely to occur in these films,
CdSe domains within a TiO2 matrix are stabilized and can
improve in crystalline quality with annealing.Fig. 8 Example Tauc plot extrapolations showing the spectra of the (a)
as-deposited and (b) annealed C33T67 films.3.2 Optical properties of OAD films
The OAD CdSe–TiO2 films were further characterized by UV-
visible (UV-vis) spectroscopy. As seen in Fig. 7a, the as-depos-
ited pure CdSe OAD film shows extensive visible light absor-
bance, while the pure TiO2 film does not begin absorbing
appreciably until the incident wavelength falls below 400 nm.
The spectra of the composite as-deposited OAD films show
a gradual transition between the pure samples, with the films
having higher CdSe compositions absorbing more visible light.
The only exception to this pattern is that the C40T60 film absorbs
visible light more strongly than the C46T54 film. Thus, the
absorbance spectra of the as-deposited films generally appear as
one would expect for CdSe–TiO2 films of varying composition.
Annealing at T¼ 400 C greatly alters the optical properties of
the OAD films. For the pure CdSe OAD film, the absorbance
decreases slightly in the UV region but increases slightly in the
visible region (Fig. 7b). The pure TiO2 film shows an increase in
absorbance for both the UV and near-UV regions after anneal-
ing, which is typical of OAD TiO2 films. After annealing, the14212 | J. Mater. Chem., 2012, 22, 14205–14218composite films show much less absorbance across the whole
spectrum and no longer show a monotonic increase in visible
light absorbance with increasing CdSe composition. Instead, the
C13T87 film shows the greatest visible light absorbance, and the


























































View Article OnlineA better understanding of the optical properties of the films is
obtained by analyzing the optical transitions extrapolated from
Tauc plots of the films. Examples of the Tauc plot fittings are
shown in Fig. 8a and b, which show the plots for the OAD C33T67
as-deposited and T¼ 400 C films, respectively. As can be seen in
both of the Tauc plots, the curves that correspond with direct
transitions, (ahn)2 versus hn, have only one linear region, while
the curves corresponding with indirect transitions, (ahn)1/2 versus
hn, exhibit more than one linear region. Thus, there is more than
one optical transition occurring in each film. These transitions
are labeled Dn for direct transitions and IDn for indirect transi-
tions, where n is an integer and the numbering scheme is such
that the optical transition energy, Eg, decreases as the number
increases. A summary of the optical transitions that have been
extrapolated from the Tauc plot fittings of the composite and
pure films is shown in Fig. 9. The results are consistent with the
behavior seen in the absorbance spectra; the as-deposited films
have optical transition energies that monotonically increase with
decreasing CdSe composition, and annealing the OAD films at
400 C increases the transition energies of the composite films
and alters the simple monotonic behavior.
For the as-deposited pure TiO2 film (Fig. 8a), ED1 ¼ 3.7 eV and
EID1 ¼ 3.0 eV, which agree reasonably well with the direct and
indirect transitions of amorphous TiO2 at 3.8 eV and 3.0 eV,
respectively.51 For the second indirect transition, ID2 occurs at
1.7 eV and is attributed to oxygen vacancies in the oxygen-defi-
cient as-deposited TiO2 OAD film.
52 For the as-deposited pure
CdSe film,ED1¼ 3.4 eV, which could be attributed to the excess Se
in the film since indirect transitions in trigonal Se nanowires in the
region fromEg¼ 3.2–3.4 eV have been described previously.53No
quantum size effects are expected to occur for this polycrystalline
film, so it is not likely that D1 is associated with CdSe. EID1 ¼
1.7 eV in the pure CdSe film, which agrees well with the bulk band
gap values of Se andCdSe. For the pure CdSe film, ID2 appears at
1.11 eVand couldbe associatedwith ablue-shifted bandofCdO.54
In the as-deposited composite films, ID1 can be considered an
effective band gap since it is not possible to separate out theFig. 9 Extrapolated energy gaps from the Tauc plots as a function of TiO2 co
circles indicate the transitions associated with a common phase, which is ind
This journal is ª The Royal Society of Chemistry 2012contributions from different transitions occurring in Se, CdSe,
and TiO2, so the extrapolated linear region is the result of the
relative material composition of each film. As such, it varies
approximately linearly from EID1 ¼ 2.1–2.8 eV, increasing in
energy with increasing TiO2 composition. EID2 is in the range of
1.4–1.7 eV, increases as the TiO2 composition increases, and is
related to oxygen vacancies in the TiO2 lattice. D1 follows the
same general trend as ID2 and gradually varies fromED1¼ 3.5–3.7
eV, and is also attributed to transitions in TiO2.
After annealing at T ¼ 400 C, the pure TiO2 OAD film is in
the anatase phase, and the corresponding change in the direct
and indirect energy gaps is slight, with ED1 ¼ 3.6 eV and EID1 ¼
3.0 eV. The value of the indirect band gap is slightly lower than
the bulk value of 3.2 eV, suggesting that not all of the oxygen
vacancy defects have been passivated. The extrapolated band gap
energies of the annealed pure CdSe OAD film change more
significantly, with EID1 ¼ 0.8 eV and ED1 ¼ 2.8 eV, where ID1
corresponds with a low energy transition of CdO and D1 corre-
sponds with a convolution of transitions in CdSe and SeOx.
55
The optical transitions for the annealed composite films are
more complicated. Both D1 and ID1 are respectively attributed to
the direct and indirect transitions of TiO2. However, both EID1
and ED1 for the annealed films are blue-shifted relative to both
the as-deposited Eg values and the bulk Eg values of amorphous,
rutile, and anatase TiO2. This is attributed to a Moss–Burstein
shift resulting from the oxygen-deficient TiO2 behaving as
a degenerately doped semiconductor.56 There are two lower
energy transitions, ID2 and ID3, obtained for the annealed
composite films. Both of these transitions are complicated
functions of film composition. ID3 is only discernible in the Tauc
plots of the C46T54, C40T60, and C33T67 films, and is found at
EID3 ¼ 1.3 eV, EID3 ¼ 1.6 eV, and EID3 ¼ 0.8 eV, respectively. EID3
is widely varying, which is the result of varying contributions
from several phases. The relatively lower energy of ID3 indicates
contributions from CdO and oxygen vacancies in TiO2. Addi-
tionally, the incorporation of Se into the TiO2 lattice to form
TiO2-Se would contribute to absorbance in this region bymposition for the (a) as-deposited and (b) annealed OAD films. The gray
icated by the arrow.


























































View Article Onlineinducing several states within the forbidden gap of TiO2
38 and by
maintaining or increasing the oxygen deficiency of the TiO2
lattice as indicated by the EDX analysis (Fig. 1). Similar to ID3,
ID2 is widely varying, with EID2 ¼ 1.7–2.3 eV, and is a compli-
cated function of material composition. In addition to possible
contributions from CdO and TiO2-Se, the optical transitions of
CdSe will play a role in ID2, as well.
The increase in the number of observed optical transitions in the
Tauc plot fittings of the annealed composite films is not due the
emergence of a new optical transition, but rather to the loss of
a strong optical transition that had previously obscured weaker
ones in the as-deposited films. This is clearly seen in a decrease in
the values of (ahn)2 and (ahn)1/2 versus hn in the Tauc plots (Fig. 8)
and also in the change in the absorbance spectra of the composite
films (Fig. 7). This can also be seen by visual inspection, as the
composite films change from a reddish-brown to mostly trans-
parent after annealing (see ESI Fig. S3†). The brown hue is the
result of CdO, while the red hue is attributed to Se.57Thus, the loss
of the red color is the result of the disappearance of elemental Se
and its associated optical transitions. While the excess Se is no
longer present as elemental Se after annealing, the excess Se still
affects the optical properties of the composite films be residing
substitutionally in theTiO2 lattice.The incorporationofSe into the
TiO2 lattice is seen by transitions in the Tauc plots, ID1, ID2, ID3,
and D1, which are related to TiO2-Se and oxygen-deficient TiO2,
where the non-stoichiometry is preserved by the substitutional Se.3.3 Photoelectrochemical properties of OAD films
Two different electrochemical experiments were performed on
both as-deposited and annealed the OAD CdSe–TiO2 films,
cyclic voltammetry and incident photon to current conversion
efficiency (IPCE) measurements. Fig. 10 shows the photocurrent
density measured for all of the films under white light illumina-
tion. Both the pure TiO2 and pure CdSe OAD as-deposited films
exhibit scant photocurrent density under white light illumina-
tion. After annealing at T ¼ 400 C, the measured photocurrent
density increases for both pure films, with the annealed pureFig. 10 Measured photocurrent density of the as-deposited and
annealed OAD films as a function of composition.
14214 | J. Mater. Chem., 2012, 22, 14205–14218CdSe film showing a greater photocurrent than the annealed pure
TiO2 film. For the composite films, the opposite is true; the as-
deposited composite films generally have a higher photocurrent
density than the annealed composite films. The as-deposited and
annealed composite films also exhibit opposite trends in
measured photocurrent density with varying CdSe content. For
the as-deposited samples, the films with smaller CdSe composi-
tions outperform the films with higher CdSe compositions, and
after annealing at T ¼ 400 C, the films with higher CdSe
compositions outperform films with lower CdSe compositions.
Notably, four different composite films, the as-deposited C13T87,
as-deposited C23T77, as-deposited C46T54, and annealed C46T54
films, have a higher photocurrent density than the annealed pure
TiO2 film. And, one film, the as-deposited C
13T87 film, has
a higher visible light photocurrent density than the annealed pure
CdSe film. This demonstrates that composite structures are, in
some cases, more efficient photoelectrochemically than their
single material counterparts.
The change in observed photocurrent density in the TiO2
samples with annealing is straight-forward; poor crystalline
quality and large band gap conspire to produce low photocurrent
density in the as-deposited pure TiO2, and annealing improves the
crystalline quality of the film, increasing the measured photo-
current. The behavior for the pure CdSe is interesting. The crys-
talline quality of the pure CdSe film is expected to be better than
that of the pure TiO2 film since it has a well-defined X-ray
diffraction pattern, and, additionally, the as-deposited CdSe
showed significant visible light absorbance in itsUV-vis spectrum.
However, the difference in photocurrent between the as-deposited
CdSe and TiO2 is much smaller than expected given the better
visible light absorbance and crystalline quality of the CdSe film,
suggesting charge recombination is an important factor in the
photoelectrochemical performance of the as-deposited pure CdSe
film. The measured photocurrent of the CdSe film significantly
improves after annealing atT¼ 400 C,but this is not solely due to
improved crystalline quality. As seen in the SEM images (Fig. 2),
the excess Se in the annealed pure CdSe films melts out from the
bulk of the nanorods to the exterior surfaces, where it can escape
as vapor or reside as a surface SeOx layer. Surface elemental Se in
non-stoichiometric CdSe are known hole traps and have been
shown to completely quench photoluminescence.58 Thus, the
movement of Se from the inter-granular spaces to the nanorod
surface improves inter-granular charge transport and increases
photocurrent density. The substantial improvement in CdSe
photocurrent density after annealing highlights the deleterious
effect of the inter-granular Se in the as-deposited film. It should be
noted that the annealed pure CdSe OAD film did show unstable,
fluctuating photocurrent. It is not clear why this behavior was
observed, but it might be related to the reactions associated with
photocorrosion in CdSe.59
The mechanisms determining the observed photocurrent
density of the composite films are not as straight-forward. Thus,
further analysis is necessary to elucidate the photo-
electrochemical behavior of these films. It is worthwhile to note
that while the nanostructured surface area can play an important
role in PEC performance, it appears to play a relatively insig-
nificant role in the measured photocurrent density of the OAD
composite films. This can be observed by comparing the photo-
current densities of the as-deposited C13T87 and C23T77 films,This journal is ª The Royal Society of Chemistry 2012
Fig. 11 Incident photon to current efficiency (IPCE) spectra for the (a)
as-deposited and (b) OAD films annealed at T ¼ 400 C.
Fig. 12 Energy of the Gaussian transitions deconvoluted from the IPCE
spectra of the OAD films, (a) as-deposited and (b) annealed at T ¼
400 C. The gray circles indicate the transitions associated with


























































View Article Onlinewhich have very different surface areas (Table 2) but similar
photocurrent densities, and by comparing the photocurrent
densities of the as-deposited C13T87 and C46T54 films, which have
similar surface areas but very different photocurrent densities.
This result is not surprising, as the majority of the surface area in
the composite films is composed of the TiO2 host, which has
a mostly passive role under white light illumination.
In order to obtain a better understanding of the measured
visible light photocurrent density and its spectral dependence,
IPCE measurements were taken. As expected, the IPCE spectra
(Fig. 11) exhibit the same general trends as the measured
photocurrent density; films with a higher measured photocurrent
show greater current conversion efficiency across the visible
spectrum. For the pure films, the as-deposited IPCE spectra
show very low conversion efficiency across the UV and visible
regions. After annealing, the pure TiO2 film shows efficient
conversion beginning at l ¼ 400 nm, and the pure CdSe film
shows relatively efficient conversion over the range l ¼ 300–
750 nm. The spectra are more complicated for the composite
films. The films have similar ranges of efficacy, l ¼ 300–600 nm
for the as-deposited composites, and l ¼ 300–500 nm for the
annealed composites. However, the shape and height of these
curves over these ranges vary for different composite films.
Each IPCE spectrum shows a unique structure, and decon-
voluting the spectra using Gaussian functions allows for
a comparison of the electronic transitions generating photocur-
rent for each sample. Each spectrum was deconvoluted using the
minimum number of Gaussian curves that could reproduce the
measured spectrum with good fidelity (see ESI Fig. S4† for plots
of the fittings). The lower energy edge of each Gaussian peak is
considered that electronic transition’s onset. The transitions that
were deconvoluted for each film are plotted in Fig. 12a and b. It
is important to note that it is difficult to make comparisons
between the deconvoluted IPCE transitions and the Tauc plot
extrapolated optical transitions described above; not all optically
active transitions can generate a measurable photocurrent, and
transitions which can generate a photocurrent may be hidden in
the Tauc plots due to the multi-phase nature of the films.This journal is ª The Royal Society of Chemistry 2012As shown in Fig. 12a, the Gaussian transitions extracted from
the pure TiO2 spectra are unsurprising, with the as-deposited film
showing relatively inefficient transitions associated with amor-
phous, oxygen-deficient TiO2, and the annealed film showing one
efficient transition corresponding with the band gap of anatase
TiO2. The IPCE spectra of the as-deposited and annealed CdSe
OAD films are described by very similar Gaussian peaks, with
the one exception of the transition at Eg z 3.0 eV that appears in
the annealed spectrum and could be related to the surface SeOx
layer. Thus, it is not specific transitions that determine the greater
photocurrent generation in the annealed CdSe film. Instead, the
annealing treatment improves the photon to electron conversion
efficiency of the transitions that already occur in the as-deposited
film. The improvement in efficiency in the annealed film is related
to the segregation and oxidative passivation of the intergranular


























































View Article OnlineThe composite OAD films behave similarly as the pure CdSe
film in that all the composite films generally exhibit the same
electronic transitions; however, the efficiency of these transitions
is greater in some films than in others. A notable exception is
a low energy transition that is only seen in the as-deposited
C13T87, C23T77, and C46T54 films and appears at 1.94 eV, 1.89 eV,
and 1.65 eV, respectively (Fig. 12a). These particular films are
among the films that generate the greatest photocurrent under
visible light illumination. This low energy Gaussian peak has
a relatively small height when compared to the other deconvo-
luted peaks (see ESI Fig. S4b, S4c and S4f†), which highlights
how a relatively inefficient low energy transition can improve the
photocurrent generation of TiO2-based structures under visible
light illumination. The loss of this transition with annealing
indicates that it is associated with the excess Se. The observation
that it appears only in the films that are most likely to have
isolated Se clusters further strengthens this attribution.
The other deconvoluted transitions are associated with CdSe
and TiO2 phases, but the way in which each of these phases
interacts with Se determines their conversion efficiency. An
illustrative example is the behavior of the transition seen in the
composite spectra that occurs in the Eg ¼ 2.2–2.4 eV region; this
transition is attributed to CdSe due to its appearance in the as-
deposited and annealed pure CdSe IPCE spectra. Its energy value
remains relatively constant across all samples, both before and
after annealing, but the relative efficiency of this transition and
how it changes with annealing is a function of film composition.
In films with a greater CdSe composition the IPCE of this
transition is relatively low, and annealing the films improves the
conversion efficiency. The opposite is true for films with lower
CdSe compositions; this transition has a greater IPCE in the as-
deposited films than in the annealed films. This observed
behavior can be explained by considering the structural proper-
ties of the films. As shown in Fig. 5, CdSe1x domains are more
likely to coincide with Se regions in the films with a greater CdSe
composition, creating Se-rich CdSe clusters in these films. Similar
to what occurs in the pure CdSe film, this excess Se prevents
efficient charge transfer from CdSe domains to the TiO2 matrix.
Annealing the films incorporates the excess Se into the TiO2
lattice, which improves charge transfer across the interface and
increases the IPCE of this transition. This is clearly demonstrated
in the photocurrent density of the C46T54 and C40T60 films
(Fig. 10); their measured Cd + Se/(Cd + Se + Ti + O) ratios are
very similar, but the C40T60 film is much more non-stoichio-
metric. The difference between the measured photocurrents of
the two films decreases with annealing because the C40T60 film
benefits more from the incorporation of the Se into the TiO2
lattice due to its larger Se/Cd ratio in the as-deposited film. Thus,
the IPCE associated with the CdSe transition improves with
annealing for the films with greater CdSe content because the
negative effects of the excess Se surrounding the CdSe domains
are minimized once the Se becomes incorporated within the TiO2
lattice. This is contrast with the films with lower CdSe content,
where the IPCE of CdSe transitions decreases with annealing.
This is because CdSe is more likely to be found in small, Se-
deficient clusters in these films. The charge transfer from CdSe to
TiO2 is much more efficient in the as-deposited films with lower
CdSe compositions because they lack the surface Se defects
found in higher compositions. However, as described above,14216 | J. Mater. Chem., 2012, 22, 14205–14218small Se-deficient clusters are more easily oxidized into CdO
during the annealing treatment, while Se-rich CdSe clusters are
more stable. This loss of CdSe in the films with lower CdSe
content through oxidation during annealing is indicated by the
disappearance of CdSe modes in the Raman spectra (Fig. 6).
Thus, the decrease in the IPCE of the CdSe transitions for the
films with lower CdSe compositions is due to the partial or
complete oxidation of CdSe into CdO.
The appearance of CdO is not just deleterious to the IPCE and
measured photocurrent density due to the physical loss of CdSe;
it also acts as a recombination center. The two higher energy
transitions in the as-deposited and annealed composite films
(Fig. 12) are attributed to oxygen-deficient TiO2 (TiO2x) and to
both TiO2x and TiO2-Se, respectively. These transitions mirror
the behavior of the CdSe transition. Films with lower CdSe
compositions show higher IPCE for the TiO2-related transitions
before annealing and lower IPCE after annealing, and films with
higher CdSe compositions show lower IPCE among these tran-
sitions before annealing and higher IPCE after annealing. This is
a surprising result, as one might expect that, after annealing, the
films with the greatest material volumes of pure TiO2 should have
the greatest IPCE for TiO2-related transitions. Instead, the
opposite is true. This result is explained by the oxidation of the
CdSe domains into CdO within the bulk of the nanorod, which,
as described above, is more significant in the films with lower
CdSe compositions. The negative effects of CdO on the charge
transport properties of wide band gap semiconductors have been
observed before.60,61 The conduction and valence bands of CdO
are bracketed by the conduction and valence bands of TiO2. The
CdO conduction band is more positive than the TiO2 conduction
band, and the CdO valence band is more negative than the TiO2
valence band. Therefore, CdO domains within a TiO2 matrix will
trap both electrons and holes generated during the photoexci-
tation of TiO2, and since both charge carriers are trapped in the
same localized region, the CdO domains will act as recombina-
tion centers, reducing efficiency and photocurrent. Similarly, the
CdO conduction band is more positive than the CdSe conduction
band. Thus, photogenerated electrons from CdSe will be trapped
by adjacent CdO regions increasing charge recombination and
decreasing charge transfer efficiency across the interface into
TiO2. The effect of CdO recombination centers is not apparent in
the films with greater CdSe composition. In agreement with the
Raman data, this indicates that the Se-rich CdSe regions and the
corresponding TiO2-Se regions inhibit the formation of CdO
during the annealing treatment.4. Conclusions
In this work, it is determined that the two phase evaporation
process of CdSe strongly governs the observed properties of
CdSe–TiO2 composites fabricated by oblique angle codeposition.
In order to achieve smaller mol% of CdSe, lower evaporation
rates of CdSe are necessary, but these lower rates favor the
formation of isolated regions of Se and CdSe1x within the film
structures. Greater CdSe content entails higher evaporation rates
of CdSe, which not only increases the amount of CdSe1x rela-
tive to Se, but also increases the likelihood that these two regions
will come in close proximity within the TiO2 matrix. Thus, the


























































View Article Onlineoverlap) varies for different material compositions. Further-
more, each of these regions has unique properties and is affected
differently by the annealing treatment. The Se, CdSe1x, and
overlap regions and their thermally induced phases (TiO2-Se,
CdO, c-CdSe, h-CdSe) interact differently with the TiO2 matrix,
which leads to the widely varying structural, optical and PEC
properties of the composite films.
More importantly, this work demonstrates that oblique angle
codeposition can be used to fabricate nanostructured, homoge-
neous composite photoanodes for PEC that are more efficient
than non-composite structures of the same materials. Thus, the
composite structure enhances the PEC properties compared to
the constituent materials. In particular, the as-deposited C13T87
film generated a larger photocurrent under visible light illumi-
nation than the annealed pure CdSe film. Not only is this
composite structure a more efficient visible light photoanode
than the pure CdSe film, it is also more economically feasible and
environmentally friendly to use than pure CdSe; the structure
contains only 8 mol% CdSe, an expensive and toxic semi-
conductor, and the rest of the structure is comprised of abun-
dant, inexpensive, and non-toxic TiO2. In addition, CdSe is
known to have issues with photocorrosion. The stability of the
measured photocurrent of the composite films was much
improved over that of the pure CdSe film. Thus, composite films
afford potential advantages over single material films.
Finally, the relatively large number of sample types considered
in this work allows for the elucidation of general trends in the
structural, optical, and PEC properties of CdSe–TiO2 composite
structures that are applicable toward the optimization of future
nanostructure designs. Interestingly, the overall CdSe content
within TiO2 is a less critical parameter than the stoichiometry of
the CdSe in determining the properties of the composite and how
the material is affected during annealing. Se-deficient CdSe
clusters within an oxygen-deficient TiO2 matrix show effective
charge-transfer across interfaces; however, small Se-deficient
clusters are easily oxidized into CdO in the porous nanorods
structure during open-air annealing. Se-rich CdSe clusters show
less efficient charge-transfer but greater stability within the TiO2
matrix during annealing. An optimal design should have
a minimal CdSe content, where the CdSe has enough excess Se
such that the clusters are stable enough that the film can be
annealed to achieve a crystalline phase of TiO2. However, this
excess Se should not be so great as to prevent efficient charge-
transfer across the CdSe–TiO2 interface. Additionally, the opti-
mized design will need to take into account the active role that
the stoichiometry of the surrounding TiO2 matrix has in deter-
mining the location of the excess Se atoms and the stability of the
CdSe clusters during thermal treatment.
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